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Abstract

The damage-tolerant design philosophy as used by aircraft
industries enables aircraft components and aircraft structures to
operate safely with minor damage, small cracks, and flaws.
Maintenance and 1inspection procedures 1insure that damages developed
during service remain below design values. When damage 1is found,
repairs or design modifications are implemented and flight 1is resumed.

Design and redesign guidelines, such as military specifications
MIL-A-83444, have successfully reduced the Incidence of damage and
cracks. However, fatigue cracks continue to appear in alrcraft well
before the design 1life has expired. The F16 alrplane for 1instance,
developed small cracks in the engine mount, wing support bulk heads,
the fuselage upper skin, the fuel shelf Joints, and along the upper
wings. Some cracks were found after 600 hours of the 8000 hour design
service 1life and design modifications were required. Tests on the F16
plane showed that the design 1loading conditions were close to the
predicted loading conditions [1]. Improvements to analytic methods for
predicting fatigue crack growth adjacent to holes, when multiple
damage sites are present, and 1in corrosive environments would result
in more cost-effective designs, fewer repairs, and fewer redesigns.

The overall objective of the research described in this paper 1s
to develop, verify, and extend the computational efficiency of
analysis procedures necessary for damage tolerant design. This paper
describes an elastic/plastic fracture method and an associated fatigue
analysis method for damage tolerant design. Both methods are unique in
that material parameters such as fracture toughness, R-curve data, and
fatigue constants are not required. The methods are implemented with a
general-purpose finite element package. Several proof-of-concept
examples are given. With further development, the methods could be
extended for analysis of multi-site damage, creep-fatigue, and
corrosion fatigue problems.

Introduction

Predlction of fracture and fatigue behavior generally requlires a
variety of experimentally-generated data points. For elastic/plastic
fracture, resistance curves (R-curves) characterize increasing
material toughness as a stable crack tip is driven through the crack
tip plastic zone. Crack growth resistance curves, such as J-integral
versus stable crack growth, are used to predict the onset of fracture
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and the stable crack growth behavior 1in elastic/plastic components.
JR-curves depend on thickness, component geometry in the case of
center-cracked plates [2], the extent of plasticity [3], and perhaps
whether the experiment 1s 1load controlled or displacement controlled
[4]. Design engineers assessing residual strength must choose material
parameters and resistance curves which are determined for similar
geometries, thicknesses, and environmental conditions [5-71].

Efforts have been made to predict elastic/plastic fracture and
stable crack growth behavior with fewer experimentally-generated data
points. Shan et. al. [8] used the crack tip opening angles at crack
initlation and at the onset of stable crack growth to predict stable
crack growth behavior. Elangovan [9] formulated a method for
generating an R-curve using two points on the R-curve. Newman et. al.
[10] used a single experimentally-determined parameter, the critical
crack tip opening angle, to model stable crack growth behavior in thin
aluminum panels. Zhang and Gross [11] used a cohesive stress zone
model to predict critical crack tip opening displacement and JR-curve
behavior analytically. Fracture parameters were derived from a base
fracture parameter, stress/strain dilagrams, an assumed micro-damage
ahead of the crack tip, and small scale ylelding assumptions.

Since the early 1960's, fatigue crack growth rates have been
determined using a power-law equation that regulires two material
constants. The linear-elastic fracture parameter 4K was introduced by
Parés and Erdogan [12] for predicting fatigue crack growth rates
(1960):

da = ¢ (AK)D (1)
aN

crack size or half-crack size

da = Increment of crack growth

dN = # of cycles for an increment of crack growth

C,n = material constants, determined from curve fit

AK = difference in stress Iintensity factors evaluated at

the maximum and minimum loading conditions

Paris' equation 1s 1limited to problems where C and n are determined
for the material, where each loading cycle varies between the same
maximum and minimum values, and where the size of the damage zone 1is
small compared to the crack length. Other power-law equations have
been 1introduced to account for the crack growth threshold load or
crack 1initiation 1load [13,14], to 1include crack closure effects
[15-20], and to 1include plasticlty effects [21]. The crack closure
methods have been particularly useful for predicting crack growth
behavior under spectrum 1loading [22,23] and when overloads and
underloads are present [24,25]. For all of the power-law equations
reviewed, prior knowledge of at 1least two material constants 1is
required.

The fracture and fatigue methods described in this paper rely only
on material stress-straln data; additional experimental parameters and
curve matching are not required. The elastic/plastic fracture method
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uses a critical crack tip opening displacement curve which 1is
generated during the analysis. The critical VR-curve is used for both
the fracture and fatigue analysis method [26,27]. The methods can
account for large scale ylelding and large amounts of stable crack
growth in thin-sheet materlals as often used by the alrcraft industry.
Geometric dependencles are reflected in the finite element modeling.
This paper provides an overview of the prediction methods, presents

some validatlon examples, and describes the implications for future
research.

Elastic/Plastic Fracture Prediction

Two basiec assumptilons are used in the elastic/plastic
computational procedure: one concerning crack initiation and a second
assumption concerning crack propagation. The finite element model
incorporates a Dugdale-type cohesive =zone at the crack tip and
elastic/plastic material properties to model nonlinear material
behavior. The cohesive zone replaces the crack-tip singularity and
allows relative displacement between the crack tip grid points.

Crack 1initiation 1s assumed to occur when the crack opening
displacement curve deviates by 5% from 1initial, 1linear-elastic
behavior. While a mathematical proof 1is not offered, this assumption
is consistent with ASTM specification E-399-83 [5] for brittle
fracture and KIC testing. The 5% deviation point 1s used to determine
the crack tip opening displacement at crack initiation Vi, which
occurs at the crack initiation load.

Subsequent crack growth 1is predicted using a critical crack tip
opening displacement curve which 1s generated during the finite
element analysls steps. For subsequent stable crack growth increments,
the critical crack tip opening displacement, VR‘j is found from:

VRJ Vi + prJ_1 (2)
where VR, = the critical crack tip opening displacement for crack
J propagation at stable crack growth Da
Vi = the crack tip opening displacement athrack intitiation
as calculated from the 5% offset,
prj-l = 1s the calculated opening displacement at the
first node in the crack tip plastic wake, under applied
load Pj-1.

Fatigue Prediction
The fatigue method uses finite element analysis, elastic/plastic
fracture analysis results, and an energy approach to predict fatigue
behavior. The governing equations for the fatigue analysis are:
Ni = Wi/E

for crack initiation, and:
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‘Np = Wp/E
for crack propagation. Where

Ni, Np = the number of cycles for fatigue crack initiation or
propagation

Wi, Wp = required energy for fatlgue crack initiation or
propagation, determined from elastic/plastic analysis
E = energy dissipated per cycle

The available energy W 1s determined for each 1ncrement of crack
growth by considering the available energy 1n the cohesive stress zone
[271].

The dissipated energy 'E' depends on the applied fatigue loading
condition and 1s an estimate of the energy consumed during each
fatigue cycle. It 1s hypothesized that cyclic energy losses E occur
when the residual compressive stress exceeds the negative yileld
strength of the material. The calculation for E 1is based on the size
of the stable hysteresis loop which occurs 1in the stress-strain
diagram. The resulting fatigue method has the following benefits: 1)
Paris-type curve matching coefficients are not required, 2) the
fatigue 1ife 1s predicted from nonlinear analysis which 1includes
plastic tensile strain and plastic compressive strailn effects, 3)
fracture and fatigue parameters are not required, U4) far-field and
near-field effects of the damage are included in the analysis.

Validation of Prediction Methods
A) Elastic/Plastic Fracture Examples —--

Description -- A middle-cracked panel, as described 1in the
referenced work by Newman et. al. [10], was used to compare predicted
results to experimental results and to Newman's critical crack opening
angle (COA) method. The panel measured 76. mm 4in width, 2.3 mm in
thickness, and had a crack-length to width ratio of 0.33. The material
was 2024-T3 aluminum. The plate was 1loaded quasi-statically by an
applied displacement at the boundary. The applied load, the stable
crack growth 1increment, and the crack tip opening angle were
monitored. In experiments on the middle cracked panel, the crack tip
opening angle reached a constant value of 6 degrees after about 2.3 mm
of stable crack growth. Newman used this 6 degree value as a single
critical parameter, the crack opening angle (COA), for predicting
stable crack 1n a middle-cracked panel.

Implementing the VR-Curve Method -- The analysis using the
VR-curve method was completed using ABAQUS [28], a general purpose
finite element program. Due to symmetry, one quarter of the panel was
modeled wusing three and four node plane stress elements. An
elastic/plastic material model was used for the plane stress elements.
The VR-curve method was implemented as a series of load increases and
model changes. At each step, the cohesive stress zone was 1inserted
along the crack line at locations where the stress reached the yield
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strength. When the critical crack tip opening displacement, as
determined from equation (2) was reached, the cohesive stress at the
crack tip was removed simulating crack growth.

Implementing Newman's COA Method [10] using ABAQUS -- The VR-curve
results were compared to near-field results obtained using Newman's
critical COA criteria. The COA method was implemented using ABAQUS,
4-node plane stress elements, and an elastic/plastic material model.
The minimum element size was .3968 mm, smaller than the .48 mm element
size used in the referenced paper. The critical crack opening angle
was determined from the crack surface displacement two nodes behind
the crack tip. Using ABAQUS, there was no difference between
calculations using all plane stress elements and the recommended
calculations using a plane strain core.

Comparison of Results -- Figure 1 shows s comparison of the
applied stress versus stable crack growth as determined
experimentally, as determined using the VR-curve method described in
this paper, and as determined using the COA method. The maximum
experimental 1load was approximately 240. MPa (as determined from
points in the referenced paper) and the predlicted maximum load using
the VR-curve method and stress/strain data only was 260.4 MPa, +8%.
The maximum calculated load using the COA method was 239. MPa.

The VR-curve method uses a critical crack tip opening displacement
criterial for modeling stable crack growth. At the stable crack growth
increments, the COA was determined by considering the displacement
approximately lmm behind the crack tip. (Since the mesh was uneven and
not coincident with lmm increments, the nearest grid point to 1mm was
used). Figure 2 shows the calculated crack opening angle for
successive crack growth increments. The shape of the curve is similar
to the experimental curve, but the calculated critical angle at higher
stable crack growth increments was in the 4-5 degree range. Because
the displaced shape was nonlinear, the COA calculation was strongly
dependent on the distance from the crack tip where the calculation was
made.

The shapes of the free crack surface were compared using the
VR-curve method and the COA method. Results for applied displacements
0.4589 mm and 0.5848 mm are shown in Filgures 3 and 4 respectively.
Prior to crack initiation and for small crack growth increments, the
shape of the free crack surfaces was similar. Note that at the
orlginal crack tip location, 12.7 mm, there is a discontinuity in the
8lope of the displaced shape. For the COA method, this discontinuity
1s more pronounced. This change 1in slope results from the permanent
plastic strain at the original crack tip. The results for two
different meshes were compared for the COA method and are also shown
in the figures. For each of the three methods, the predicted stable
crack growth increments differed at a given applied 1load. For the
VR-curve method, the shaded region indicates the damage zone where
cohesive forces are acting. As the load became larger, differences 1in
the displaced shapes increased.

Description of 2nd Example -- Results were also compared for a
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Figure 1: Results for Middle-Cracked Panel
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DISPLACEMENTS ALONG CRACK, YDISP=.4589MM

O~ VR-CURVE METHOD, DA-0.1 MM, S-4.37MM
I + - COA, MINIMUM ELEMENT SIZE - 0.4 MM, DR-0.4 MM
10 - @ - COR, MINIMUM ELEMENT SIZE ~ 0.2 MM, DA-0.6 MM
Sm
09 4.
¢

.08

S = cohesive zone size

DA = crack growth
.05

.04
.03
.02
.01

.00 Y , ‘ . . — e
0.0 2.0 4.0 6.0 8.0 10.0 12.0

X-COORDINATE, MM

0O 0O 0 0O 0 0O 0 0 o0 0 o0 o

CRACK OPENING OISPLACEMENT, MM

Figure 3: Displacements Along Crack, Middle-Cracked Panel
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compact tension specimen fabricated from the same material as Example
1. The geometry of the specimen was described in reference [10] and
Flgure 5. The applied load versus crack growth behavior is shown in
Figure 6. In the experiment, the maximum load of 10.25 kN occurred at
10. mm of crack growth approximately. The VR-curve method predicted a
maximum applied load of 10.45 kN at 12.34 mm of stable crack growth.
Crack surface displacements before crack initiation and for small
increments of crack growth are shown in Figures 7 and 8.

B) Brittle-fracture Example -~ For the purposes of analysis,
brittle fracture was considered a specilal case of elastic/plastic
fracture. In this example, a compact-tension specimen under
plane-strain conditions was evaluated (Figure 9). The 1load versus
crack mouth opening displacement was compared to experimental results
[29] and the results are shown in Figure 10. The maximum experimental
load was 102.1 kN and the maximum predicted load was 104.0 kN (+1.86).
Since the maximum load differed by 1.86% from the experimental load,
the KIC value as calculated according to the ASTM specification [5]
also differs by 1.864%.

C) Fatigue Examples

Fatigue Crack Initiation Example -- Fatigue examples were used to
predict the number of cycles for crack intitiation and to predict the
stress versus number of cycles curve. The notched steel bar in Figure
11 was used to predlct the number of cycles for crack initiation. For
the purposes of this analytic method, an assumed initial crack length
is required for analysis. Initilal crack lengths of .28 mm (.011") and
.33 mm (.013") were chosen to be consistent with experimental
measurements when the reference was published [30]. Results for notech
depths of .381 mm (.15") and 1.27 mm (.05") are shown in Figure 12.

Fatigue Crack Propagation Example -- The double-notched specimen
shown 1n Figure 13 was used to compare the rate of crack growth to
experimental values [31]. Two 1nitial notch lengths were investigated.
At the lower applied loads, a very fine mesh 1is required to capture
the dissipative energy effects and correctly model the compressive
yield zone. As shown 1in Figure 14, results at the higher load levels
are closer to experimental values. Divergence 1in results at higher
load levels 1is due in part to mesh size; the same mesh was used for
all examples but the size of the compressive yield =zone was
considerably smaller for the higher load levels.

Discussion and Future Research

Elastic/Plastic and Brittle Fracture Analysis -- Although the
elastic/plastic method can be 1Iimplemented using a general-purpose
finite element package, speclal purpose software would be quicker and
easlier to use.

Several validation examples for aluminum and steel have been

completed. The confidence level for the elastic/plastic method would
be enhanced by successful completion of additional examples for a
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ELASTIC/PLASTIC FRACTURE, EXAMPLE 2 38.1 DIA
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Figure 5: Compaet Tension Specimen
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183




184

COMPACT TENSION SPECIMEN, YDBISP=.214 MM

CRACK OPENING DISPLACEMENT, MM

0.057 O - VR-CURVE METHOD, CRACK TIP 8 5.6 MM
¥ - COA METHOD, CRACK TIP @ 5.6 MM
I SEFORE CRAGK INITIATION
0.04 Oy
..... ...
...
..,
Q.
0.03 - g,
Qe
. 9
0.02 A R,
- 9
0.01 A e
ﬂg%
0.00 : , . ] 1 Pame,
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

X~-COORDINATE, MM

Figure 7: Displacements Along Crack, Compact-Tension Panel
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PLANE STRAIN FRACTURE EXAMPLE

Material: 18Ni Air-Melt Maraging Steel
Yield stress: 190 ksi
Ultimate stress: 196 ksi
Compact tension specimen:
thickness B = 1.24 in.
initial crack length a = 1.95 in.
width W = 3.5 in.

Reference: J.M. Barsom & S.T. Rolfe
Fracture and Fatigue Control in Structures
2nd edition Prentice-Hall, page 89

Figure 9: Brittle Fracture Specimen
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Figure 10: Results, Brittle Fracture
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FATIGUE VALIDATION
EXAMPLE I
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Figure 11: Side Notch Panel
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range of metallic alloy materials and geometric shapes. In particular,
funding of 'blind’ tests for new materials would provide an
inexpensive means of increasing the confidence for the method 1in the
engineering community. Similar blind tests would 1increase the
confidence level for predicting KIC.

Fatigue Analysis -- Preliminary results of the fatigue analysis
method have been successful. With further development, a
speclal-purpose finite element package could be developed that:

= can be used for elther a cracked or flawed specimen

= can predict elastic/plastic crack growth and yield failure

- can predict the critical crack length

- can predict the cycles until crack initiation

- can predlct the number of cycles for crack propagation to
critical crack length

The package would be applicable to a wide range of geometries and
would be designed for use 1in a range of 1ndustries 1including the
automotive, aerospace, and plastics design industries. The package
would be written in modular form for expansion 1nto analysis of
multi-site damage, creep-fracture, creep-fatigue, and composite
materials analysis. Existing speclal-purpose software such as the
programs CRACK IV, FATIGUE and FAST require at least two fatigue
constants [32] which would not be required for the proposed software.

Fatigue Crack Initiation -- The research to date 1ndicates that
the driving mechanism for fatigue crack growth may be associated with
the hysteresis in the stress/strain dlagram and the compressive yleld
zone. The proposed method incorporates this phenomena by use of the E
parameter. Additional studies are required to 1investigate the
theoretical basis of this assumption and to determine the optimal
means of 1ncorporating this parameter into the fatigue analysis.

Multi-Site Damage =-- Unlike most fracture methods which are based
on local crack tip damage, the energy parameters used in this analysis
method are based on the available and dissipated energy 1in the
structure. The fatigue method 1s based on two energy parameters W and
E. When multiple damage sites are present, the critical crack tip
opening displacement curve, generated during the analysis, will be
lowered due to the softening effects of multi-site damage and possible
crack growth. This softening effect 1is reflected in the W parameter.
Interaction of high stress regions 1s also captured in the finite
element analysis procedure.

The fatligue energy parameter E can also include the effects of
multi-site damage. The E parameter sums the energy dissipated at all
damage zone nodes experiencing plastic 'shake down' or compressive
yileld. In the case of multi-site damage, dissipated energy at all
damage sites reduces the number of predicted cycles until failure.

Creep-Fatigue -- Presently, predictions of creep fatigue require a
materlal creep law and a series of fatigue constants, each evaluated
at a specific state of material creep. Extensive experimental data 1is
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required to determine the C and n constants as a function of the
tilme-dependent creep behavior. The energy-based method proposed 1in
this paper relies on energy assumptions and stress strain diagrams.
Materlal creep 1law would be required for analysis but fatigue
constants would not be required. Nonlinear interactions resulting from
cyclic 1loading wunder increasing strain due to creep would be
Incorporated in the critical crack tip opening displacements which are
calculated as part of the analysis. A nonlinear creep-fracture method
has already been developed by Chang and Kim [33].

Corrosion Patigue -- Corrosion fatigue cracks have been noted on
cargo planes in skin sections with reinforcement straps [34]. The skin
sectlon thicknesses are typically within the plane stress region. This
type of geometry, thin panels with reinforcing straps, would provide a
simple geometry for 1initial validation of a corrosion fatigue
metholody. Corrosion degradation would be incorporated within the
material model and corrosion-fatigue constants would not be required.

Composites ~- Use of composites in aircraft has increased steadily
since the early 1960's. Aircraft such as the F/A 18, the AV 8B, and
the V-22 are composed of approximately 10%, 26% and 4U5% composite
materials respectively [35]. Composite materials can result in
significant weight savings and an increased regsistance to fracture and
fatigue. For instance, metal matrix composites with aluminum or
titanium matrices have high damage tolerance. Ceramic matrix
composites have higher resistance to fracture than unreinforced
ceramlcs while retaining some of the superior high-temperature
strength properties.

Existing fracture and fatigue methods are sometimes Inappropriate
for composite materials due to the 1lack of standardized ASTM test
procedures, the wide variation in material properties, and the
likelihood of non-self-similar crack growth. Efforts to evaluate
fracture in metal matrix composites and non-self-similar crack growth
In glass/epoxy have been 1initiated [36]. Previous efforts by the
authors in predicting Mode II [37] and mixed mode fracture [38] will
be helpful for the non-self-similar crack growth problem.

Conciusion

Design engineers typically use finite element methods to check for
fallure due to buckling and Yielding. The method described in this
paper uses finite element analysis to predict fracture and fatigue
behavior of structures. Once fully developed, the fracture and fatligue
methods could find widespread application in aircraft design, engine
analysis, bridge design and redesign, and plastics design. The overall
safety of fracture-critical designs would be improved without the need
for extensive experimental input data.
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